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"r.O.0 PSIS :

As part of a pro ramime of -tudies of the thermodynamic

properties of ;alloy systems, mcsurements hove been Ms.de of the vaoour

pressures of a nuIMber of pure metals and their alloys. The torsion-effusion

tLechnique ha2 been employed and its applicability to alloy studies has been

(emonstrated. New vapour pressure mreasurements have been m.ade on solid

cadmium (480 - 570 °K), li<iuid bismuth (820 - 1010K) and liquid thallium

(780 - 920°K) and the results ":re assessed %nd compared with those of other

workers. Bismuth vapour pressurts ha_,ve been measured over a wide range of

liquid. silver-bismuth alloys and the resulits used to compute the thermodynamic

p-roperties of the system at 1000 K. The rather uni.suel characteristics of

these are discussed and it is suggested that they are attributable to the

change of bonding and co-ordination of bismuth on alloying. A similar

evaluntion of the thermodynamic properties of liquid silver-lead alloys is

also presented and dicussed. Preliminary measuremerts on solid anrl liquid

silver-thallium alloys are described.
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1. itrodttion.

Interes t In the thermody nanic presertiezc n" alloys, andl their

re-lat ion the charac tar oj the somronents has: stimuliated experimental work

in this field. The des.-re to coreat xperinia:ntal hearts of formation witha

proposedc~ theoretic?1I m-odels, has resulted in a re-cent enhsson accurate

calorimetric studies, sinc these: yield more reliable v-iues than are normally

obtainable using temperature coefficients of eo:lbimmeasurements. Riowk~'r,?

the~re remaaima considerae'sle scopec for equilibrium studiesI, for thefre nrgs

of formation of few svsteai are thoroughly estab'.lished. W,.hile these are of

direst significance in relation to alloy equilibria, the entropies of

formation obtainable by conbinin,3 thorn with cal)r-imetric dtat-a, or from their

te:incrature coe fficie-nts, Itre, like heats of formation, of great fundamental

interest. As patrt of a prog-ramme of ;such studi"os, vapour u)ress:ure measurements

are bein,3 made nve-r various alloy systems;. For the dlriv:Aion of the ther:nodyn%--

mic properties of the alloys. 'by this meanis, an accurate kno' ledge of the absolute

vra-nour pressures of the pure vola-tile components is essential!. Since. the

varour, oressure data for many mettals are sparse or c;ontradictory, an

experimental re--xa,:nnation of theo pure cem.oont is often a necossary

,oreliriinary to work, on the alloys. The present report summarizes the re selts

of such experimental worlc: on four purej metals and three binary alloy system,-.

W1hite, a fe-.w measurem,.ents have buuiL a_de using an elnayKnudsen method, the,

major part oit the work asdone using, the torsion-effusion method. This method

has the advantage of giving, a direct, unambiguous measure of the pressure,

indep~endent of the atomicity of the vanour, which is itself aL variable with

some of the components studied.

2. Experimental.

A detailed description of the apparatus and a disoua-sion of

the technique has- been published sohee a brief acrcount will suffice

heC.re. SpeC;Tnens. are) enclosed within t. g-raphite eff'usion cell ssedd

aide a verticail vacuum chmefrom a fIine tunrs ten ir. The cell i

-ricd vith tw sim)ilar orifices, whirl- are so disszosed thaAt the effusiJ n.-

va",OaJr ca' usco ro~tation of the_ sell about tiit zXI xi1. of pn~I ne

Dus vilale Ocy,



Jars C is vano.ur arepr. Qrth tors-ion eons tant of

the susca 4ot, CLh ± 1 of caii)tv n % antd Cite orif'ice areas. rd

,%nd q2the ir rc-.ecetive !ietari;s fros. the to'' ao rot Aon. ftc ietors .

and 3'rorre-ct 'ar tuhe re%,duction in car. ant a o4' the effuztinpv au

nausea-1 by thu: fi nite length:;. of the orifices Frema anrl . zearcy 2ave rhr

that for orK fine dimensions in the rne 0 < < . 2 (wnere Fand r tire

the orifice leneth -nd radius, resnent-tively)' values of I cart be stizsf~ictarily

obtai.ned! from thu equation:

14L 0714 + 0.3'49 ( )+ 0.9982.

/ji ro;n 0.174

This elaton has; been usecd in thei present ealeculiti ons. .euent:tre

ma de en soeetrosco-nical nure ma.iterials. Th'Iere solid snDecin-ens; Were sttxditci

.oewere used(- in .. finely dlivided form. Alay: ere nre-pa.reO, direr ly from

the, CeM7tcn)t net le The an-repriate amounts- of the pure metals were scaled

together in sillica e:ip.-ules- under ta low. prsur f rurified t rgon. They

were then melted by pla-cirn, the c-apsules.- in a siperes-iitanceo furnace. T h c

alloys, were na tand n the molten state for artpcoztmately one hour,

shakIen vigourously several tinies to ensure mixing' AnC, finally quI.enched into

sold wa--ter. malpieces were nut f rem the resulting; h-omogeneous ingots and,

after carefully cleanis>.- and rya loadled into the effusion cell. Che!non al

\nlsswere m-,aac or cupe of the origina.l ingoto and aso of nttcri al

tue f£remth ffl - nel at tr the emerinentj it 'pc; undI that comnoottion

{tu~sdarin : the run vwere ins ignifica-nt. Tb is was achieved by keepinr the

dur-t;.ti of inrlividlus ! russ short adif xy us' og 1'.oy fstiles of a.bout 10 r m

heolhservedl vano)ur Tpreso-c ,c;nerajlly sa~prexamated t o the

tsu- ao&o 'CIt voash U; and .athe rei'ere, e-xpriss -ed byeuten

* ic?>.tW- -Best Avaib7ble Copy



:5~~~~~ Cs.. ;7 so 01j :t, 1u:' tel: c~ dutl 1. 'cst c.se.u '0 "i

theri s~o iusitc u sLr th, Th ird 3* who te elvrnf.

e er.T 0d.yn '4 to Iu ii d: ti Uro ill 7 4n nk cr;

' tcle a..loys, h0 ,;ut have breeor, uskd to, consst-' the

0-
the-modynaii: [eropirties of the li truid ph isoe rt 10C',;2 Act i v it i:' e;sd r r%

ifree enor:s- of s olution o' th0; volaltite ecOmIaoInot have. bees clc-ulo-t.4d 1c'i

frte observed press-crc-s, usinj viluos for tlie o-.urs ,orsoint obtainled In

as -milart4-anner . Cori'csp:Tondinr vfeluos [for' the s ilver component w/ere

erilur1d y moains of the ax function4. The voln-tilc, partials 'aere

oxtr -olaLted smooth]ly to 11 j I ['or t.his purpose, thus, the supircooled 1 ni

is scinnlcd :-; ±1c iu ti orci.tate, I*(o-:- the soilver comm1-ones-t. * jil jr prt-i.1

fre 1'ri2 -corer caicuiritod -t 1052, a.ndi )50 )0 K in .mootuhted v '2.145.; of the :e

crej :iod to c~t i mt .t rt .n stro-Yo-: II t ihe interrietdi te tutaueratuic( of,

l000QC' K. Irr-t 1;I .C: ol o were: thorot5; o '2-5 the Oibbs;-ieluhc:fltz

ret-i ochir Trtc'-. v-s)eSc-e ob.'iincd by the iz.:ual summation oi' p'--rti s-us.

1.Result,: .ncl cuss o0n.

4.1. Solid Caiiniur..

tL~easurenents wvere made of the vapour pressure of solid

0
cadiu be-ses480 aind 573 , inldiya few observat ions using -the Knudso- n

method. The values obtained with the tw,,o indlosendent techniques- ar- in f ocd

agreement with each other. The coefficientsi of- the vapour prescsure-temperature

te,-uat eon obt:'inmd by treatment of the combined results are c-ven below: in

taLbCe I; together with Lllj sitandard hoot of sublim, [ito. Also tabulatedl

are the equjv Lent valut;s obtained by s-imilairly trecating the earlieJrreut

6 r_1n6 - r 7of Egcrzon5 'nd. of 0 onl nd the re~sultf: of' Borg c Bire-hoe ll nmd

of Nesme.iyanov and, Ti' ichova8 r ;iortcdl since the presenrt wvork waps beg--ur. All

tho;s, workers used t7., Snucloor methiod, tOn i!otop4- exch-sno version : -. 10;

or'ty 3Yh the u- ., workers.

The rosuluLa of the, or I o nvesoli'-tin are in footA ar.r ti

-K ~ ~ ~ ~ _ 1'- ' :nu- I)O1 ao-m -u--' *'o to tt th. 2

': t '-Cton . 'hic.- ()Ib* ~
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Comrreo of' varouv rc;.idi--nrd r6S o!f sublimaition o)f

2clid ca&rqeium.

Invosti.<atcr cnrt'ut-. I

(K.e;als)

Present -ork 4 0 - 64 9-404~ 61,46 26.90 + 0.10

Borg- sad6 Pirchenrall 497 - 51 2 241 6 05r5 26.8 5 + 0. -05

Donn el 1471 - L,'j9.41310y 26.60 + 0.10

EgroiA2 -9056 '5 957 2695 + 0.15

-e m-lyiiLnov and
TI'ic he-'va 4,1 - 4811.4 5722 26.51 + 0. 3 0

'ofifuLltit'fl of '-,-oout tsr s chic staid obb-n f'or theslisttfo

the higher liqjuif- ,-;pour, -n4 sit t the(, *noro)riate free ene-rgy func tion,

-u'-'-0ost' :i t th5  t"'mrTera.ture sool-t'f i ent o f the -vs!-ur --re!-sure o h te solid

s;hould" bc ea 1c thaan h . g;enerall.y bean found ,nf erro Iet ly . Thus

v. ll the' comryuted valu'e -.r<e e wli with the- -ores-ot ones a t the highler

teroeratures n.- sl;tote irndierite;rl th, t naesruros- sh ould be slightly

higher than those observeid t the- lose: Lmnr-tuss this would1 be in

assord with the ri n of the rslsof* 0h1,tss - workers anti of O'Donnell

in the a:-enoau range. F ull deta ils, 'say be found in a- parep--r basd

on this,- s.tudy.

4.2. Liquid B3ismuth.

txistin-, vap~our pressures for liquid bismuth were pawl-icularly

e;ontrdictory ant1 , as, -3. prelIimina.ry tca work on silver-bismuth alloys1 , new

measui-usnatv. wer nde ov-u the- -e12rfur0ro - 1010 K us;ina thel

-crm o 00 ff: sion r thoU. looffiients for the, .,.ipour :oress;ure equation,

'.-iu"'leo by '-(er n iv t i, 1!re. rive-n in tabl to.,ethcr witth

n '- tratntt ri'C the resulIts of other worker.

- ~ ~ ~ ~ ~ ~ ~ ~ ~ n I'iO. r-r o,:L 'l~s he atn hea t of

vwi -. r ~ios' I, L -,, .3 ''-1- Iv the - teraperati.re coeffic ients ot echl seUt

cii ,cc no siLnsleA -- iian' tace o

Best Availabole u



n vc, ri~ ijt a ltc veor u r ue c: c;B 6iuh

Kri 1100 12201- r. '? 10 46.81

a b. nd 44ah 7 -'i.19,794

tivai 11 8. 514 .a0,l12L 46.3

rovncv2: 141 -/ 972) 7.70 82 30

a acaca esl U utranlteto *'Ivc -,Dod ,J~ith thoser

reported, by K,) 3.: rus !in, Luff ;n- Bcerdahl ., they ~r lighItly Ige

thnthose, obtain-d 4j 1 "0 Lyasa!., w7._n th aar tochni,.ua, 'but -ustain lcv& a thor.

the: v-lu-a OT'Donnar 11 a ', not, '6O at, (,,t " det r I y higxv, lues-

oro an tetorsio-ef fusion rerultf ..,th the res-ults of

Knudsen tcauroments-- simila r temper tura , :. eti-e ma,-de of the

oroportian-, 01' C.Z_ J A ;:eiu:: 1 d.3i, reen i the v roour. Applic-t ion

(,f tiev thirdn law. trcnvt-aent yiclTd' the el aiv heats of vavnorisa. tin

25= 50.13 - 0.92 K.cal /J.a-toj-a

D i (iiq.) = ± 1 ('ap) :%$.H = 26.36 + 0.35 K.cal/c. :tots

These va-lues, :and the imolied dissociation energy "ar 4i, ofp 4.5

17
K _al, re in g-oad. agreement wvith values seleced by lirockett and Brewv.er on

hoblt.;iS af -.Imia eeauto of the da.ta- of K,), n-n(! Tosyaina.

4. 3. Li-suidl Si l'sr-dIismuth Alloys

set-surnenc wre ade On 14 3 1 lays gi. in coanpo-itim-)

100C - '24 to'arce-nt bis-muth and at temoezs-.tures betw~een 90C andl 1070 .

T he v;,nour tress ur. cju-t ion coefficients for ea-ch of thesex, alloys;, obtaineid

ti'vm n. xoraer I ~ Iasin heusau:-l .... T, re ue-izd below int.d

Pes naalU: I': v~li td n the iner out tinuct in s:ect ion' ond

t: nl te rroodyn'.a-in eiu ixiti .. a t ined are be

Best Ava"bCCp



,.:.U9~ 9 ~ *<,Koobj 7

6~ 0r 1046

:1, 2 ' fl950 IN0

"ATA 07 9 ,4y 48 1016,

44 0-045 LO 0 7a 1031

0. 75 l','<~ 24 -1048

.1 A .. 957 -105r

LI21 to jl3 1020 107-,
/ 45o1 1 o' ;0173

1 . ~ I '~7' '34 - .78

tho ~ c orit :ro ndi. c-ia. Th c ttt io

o-f' bi2'::o'tn 'hviw 'to V no: ftV rnom i~de.. al ':viour in th' it:±-chl lioyo, th.;

129W ,r'ii n- -" ivo in 9w -JM Loy.. 1 Duh-., i.crrticnr *' 1',

:3 lcr iiiA ti :.cai'"-'-'.cvitoAion lOf t in Sty -o tosl

10 o unu'-u%. * Th- p-uti oycos 9 ,ntroTni,:o.

rt "91-ur "it ist/ prn"t in hiji

(;oivcrL,,2-t-on c-no,-, '931'i 2' to" nor 10LK -nt in

u19;o :i: 7 .3 toa lo t cwnLw '0 fay t tO i~ 'o.sinoc( tho v..luos for this

omwiu;1&nt yeo o.n.- obt;: nod dirucnn.v in uxpe ci mo-ant tln, s.ro likolyr to n

t o- ::or 9 j1& 2 t n rotlt, -x"A oyc:ttar; ntronio9;. ti' Coro! ,tion

. n- o .V r Otoo tho uncnt'roo, bu

iWt, to .;. u-or-to >,-:u . ,b, n i:no.) Ih- pros,nt ::
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<Al~ -tomic< n .b nor; tO, !,)nt 3';;> UC.2(

:1 e. 3 ~toic or cnt ilvr talan ysow moitiv6 v:alues is. tho.nm~en

rtc oIt-ys. Th, russ' tin- irort u mo csaioh.-va mini ijtly

nmit lye w 1uLn i ~ismt-im mLl]ovo- but are noaieove~r the rrljority Of th:3 .

cotes Poi-c ron e tha.niu vlne 0, ea- - 500 1; :o n 45 atone.

Little th.4 rmodynmzaricrm:or' has bc.- en pre vio-us iy done on this sse

and non, i- dis c bly comp-arablu with th,. oresont reslts. N* ( Qo calri-netric

n tuncios ha!ve boon ma.de of Lthe liqulid alloys ant the- results; of the-se a re_ not in

mos 3 O hecr-s~avalues, Linco thay sh! ow only -,oc,:itive boa ts of formations.

ltrect:. xij lori tetry --t K by rKar ivek M aJ _ valJues r-i2 nr to

0 (!.1.iin L, otIt .cl Lt hej _:u1 aton~ic cotmoc it ion, hut his ;'al;':,s ha~ve in,

the a ant of'ten booun show.n to be ft. Cr.t Unifortun toly, tt :cenor':,1lly mere

sel Iable tin-solution cOoi us' 1I en: a r.ben a",plied to aly

botweem-; 0, - 0 r rn, a 72I l this indtio-ates more ,.oEsitivc;

valuces_ in tis ran g-o clt-n foundl in the- T)501 CfI ,work._ it is,- notew..orthy tha:_t - i f

t!,e renortejd v--lu..: -ro c-onvurted -to tho oresoat, standa0-rd steton, of unercooled

liquid sve , enust.-nt L le r obtained for the threc alloys richest in

silvor., whlich s.ugre-stsL-seisec of maximum aind a! f'all to loss posi;tive

va lue-n_ am; ?IigIher 3 ilves- cnnaeontration. *imbo the he--at vausobtained

cm;io;metrically should be the- raore a!ccura.te, ii. woul rancor that the poesent

heats are( too n~gativo, mE ve.rtheluss. it is considered that 6he3 observed tre:ndnr

re-aieau ively- su' atitc. the forms of the observeod ther~odvnra;,ic a-rc -r

t iesaeohr:ntrs o,,. sy imnvolvin-; eaposin-, factors. They are- consvs.-

tent wit"l thee<toe of' -neC Live xcs cbmtrib-utions- thro:ughout a, systm-.-

r' -in-r i'a -vd' ino cnom bonn 1

1 ' u,reaeu,7 bet.; -n Jc m - t; oe r:,11 6.!ibit s ,-)s! iv- 'LC-t: ,)f

:1it 11 n. , of , c
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!I -''t i: U. I. II<C IM ' al: I oy;, ru IP ho,
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'3 -n n 3 thus .3j 3' r-, y I on tli> .19:c,- Zirvc s : cn rb t .mto

3 ~ ~ ~ ~ n h,-1'C .; 1 . to o ~ 1 h . '.nvr vbi smu t tI 'ti .i so ir-0t :tt,:' 4 ,-iun303

'C ~ ~ ~ ~ r.,,;o iiu .(, 1;.t . I 1' in t 3C C 't-h '.vc t po t'c paJ.4 '. "

Lo '3..L~ti;'.u(Of' Li3"l ' 13 L. lo . rf~i . toi or ].r %tzr'i :

but1 tho IO CL- s.iluthC~ yct'm, svs,-th e ttomnic si7 , ''

3*,- !,,, _,t-,p ,.,n io,uvcr T, ) i2"ro xr ;
(C'LCt.'attCI110 UC Pu on* ~~n empo'xton nn,;.do~s,'*..~2

to, j.). to: zc.t b,',C. .1 -Ijt ::n ;> t. of1- ty ditr ' ridnc btisn ' oL ac..nrnngt~ofo

t3 fr: n [' .. 0.'. f' > i OCfl th Avhilabl ' C.ofta



4.4. Liquid Silver-Load Alloys.

.3irWii r oxperimuntal studios to those dcI scribed above were made

er croil 2 h lvr1c o ys. ,,Jmultrncjou:.Jy now measurementi; wore o~lso

0
,:,,_ VapIoILrT ;n i'q liquid. leaid between R(10 and 1050 K. These results

a no.. Lu ,rJa.cm( ai m:ty be found i~n -L rcont publication 2. The

I~l2 aoLvn::i rora~;obtamucl roi. Lhe ivrla alloys atre summarized in

7 : ~~r a~cn asport for comp-arison - ith those of silver-bis~muth.

ii . :ejnthrit the y art. of much siimolcer form than those of

th-Ia~r.ytc. 3t cromsnocots showi ositivo deviant ons from ~-a~ir

boha-v'ocir : t LlJ cotimositiens. :nO the ,;ystem is- ch;.ar,-cterised throughout by

'rc. Livu hat-.:- Lna tr xcost., Lntrop Lvas of' formaitlen. * orparison of the pres.-ent

unitha Lpy valu e-s with thiose,: for other tanrtrsobtAncd by ether aorkcrs supgests

hnLt the'Se li. ui6 alloys musi,,t Oxhibit nolulylarge positive deviations frem

-(umana-Koeap be(haviour. The obsorvod positivG- heats of' formation may; :gain be

partly due to -a misfLi cine;rEy '-rising- from the la rge -atom size 6isparity of

the :menni Al jo, ,as' be Lrore, the mixing of teAsr. of differing size and

val~ncy may 'be expectGed, thiroujh the influcincs, on the; vibrational frequency, to

result in positive excess especific heats, positive contributions to tho enthalpi.es

and the ex:cess entropies. _cince the bending of lead is al1so probably somewhat

covalent in cha racteor, it is nossiblo that Rs with bismuth, positive contributions

could again partly arise from the diss;ociation on alloying of any covalent clusters

persisting7 in liquid load; results for ether lead alloys support this idea and

the partial properties of lead as a solvent are, in many cacoey7 consistent with

the viwthat such dissociation is accelerated as the valeney and ionic size of

the solute become inceveasingly different from those of the :olvent. The

negattive influences proposed in previcus sys'znci would not be expected in the

ilvur luad -Hoye- Juead, fc *in soLid o tato, will exhiblit a fn mijanr

close-tacking in the liquid form, so that co-ordination changes on mixing are

likely to be of minor significance.

4.5. Thallium and Silver-Thallium Alloys.

Work has begun on a comparable study of the similar system,

nilvor-thlliuirn. As it prolimilrry to work on these alloys, the vapour

preesuroe pure liquid thallium has first boon measured. Obs:ervations have

1Peon ma-.de at toempe ratutre o betwoen -180 and 920 0K. The results have been

atdby the method. of least squares and may be expressed satisfactorily by

Ae~!vail~b c
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10.

t i 1; op'Y:2. ' t !'kcr fro tioll

I C Lr o!, ?7c1 i.%t ont

4- 1.. n 2.C , j!

:,. jv-... Loy . h-. .I...t( idi.., 2n . thU (0'.U;tion0

t1 I: L . UL ;b , in tlit br utrc, r* n ,( r..± ths% invcstii:cation,

- ~ ~ ~ C I VI; -) f]c..uc:~b~v hov. n'c t r('o I n the, u-ul..1

00

)C)-"r) y 90 K)

0-'-)401.07

-1 .i 1 2P; 1.26

.e07 3, ~l 0 ~1.38
1) 7 -043 ,81 0.815 1.43'1

0.736 237

-7,75Oi 9.39

Q).02 5.463 7,034 0.243 12.15

Th,. rasulisc show mnorked. poj 4t iVC Jviations from idocality in

both the solid r--nd liquiid phases . inc, indicAted MirtipJ. entrooicc, of th'llium

-are a i;-d~l but thc valuvo aro extremely scattered and no significance

canl b3 at tachcd to then at present; this unco)rt~tinty is simi1,!rly reflected in

'h., p-rtial h-lts. Purthor \;or'c-tr neccss 4ry before a full t.h modynaniic
of the results is justified.
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